Abstract The continuous provisioning of forest ecosystem goods and services (EGS) is of considerable interest to society. To provide insights on how much EGS provision will change with a changing climate and which factors will influence this change the most, we simulated forest stands on six climatically different sites in Central Europe under several scenarios of species diversity, management, and climate change. We evaluated the influence of these factors on the provision of a range of tree-based EGS, represented by harvested basal area, total biomass, stand diversity, and productivity. The most influential factor was species diversity, with diverse forest stands showing a lower sensitivity to climate change than monocultures. Management mainly influenced biomass, with the most intensively managed stands retaining more of their original biomass than others. All three climate-change scenarios yielded very similar results. We showed that (1) only few factor combinations perform worse under climatechange conditions than others, (2) diversity aspects are important for adaptive management measures, but for some indicators, management may be more important than diversity, and (3) at locations subject to increasing drought, the future provision of EGS may decrease regardless of the factor combination. This quantitative evaluation of the influence of different factors on changes in the provision of forest EGS with climate change represents an important step towards the design of more focused adaptation strategies and highlights key factors that should be considered in simulation studies under climate change.
Introduction
Forests represent an important source of ecosystem goods and services (EGS). They contain ∼50 % of the world's terrestrial carbon stock, provide habitat for more than 50 % of the world's known terrestrial plant and animal species, deliver timber, and provide more than 75 % of the world's freshwater from forested catchments (Shvidenko et al. 2005) . Studies suggest that ecological processes in forests may be influenced strongly by a changing climate (e.g. Bonan 2008; Dale et al. 2010; Kirschbaum et al. 1996; Root et al. 2003) , leading to changes in diversity (Hansen et al. 2001) , composition, and productivity (Shugart et al. 2003) at the local scale. Many EGS are tied to these processes and characteristics; therefore, an assessment of the factors potentially undermining their provision is tied to an assessment of their sensitivity to climate change.
The sensitivity of forests to climate change is influenced by stand characteristics such as the "functional response diversity" (e.g., Elmqvist et al. 2003; Hooper et al. 2005 ) and a heterogeneous structure (Bodin and Wiman 2007) . No management (Thompson et al. 2009) or forest management with a reduced intensity (Noss 2001 ) may positively influence sensitivity. The importance that scientists attribute to each of these factors varies and seems to depend on the desired utilization of the forests. For example, the maintenance of the protective function of mountain forests (Cordonnier et al. 2008 ) depends on other factors than a maximization of timber production (Nuutinen et al. 2006) or carbon (C) storage .
Numerous publications on the effects of climate change on forest ecosystems (e.g. Dale et al. 2010; Huo et al. 2010; Lindner 2000) and on how to adapt to these changes (e.g. Badeck et al. 2005; Kellomäki et al. 2008; Noss 2001 ) focus on specific EGS, often in a specific region, and intend to provide practical suggestions for adaptation. Instead of trying to answer the question of how climate change will affect forest ecosystems, we tackled the questions of to what extent climate change will influence the provision of EGS, and whether the magnitude of the effect is significant. Furthermore, we aimed at determining which factor-species diversity or type of management-influenced the magnitude of the effect most and whether the decisive factors differed when different indicators were considered. Lastly, we assessed whether different scenarios of climate change lead to significantly different simulation results.
To address these questions, we conducted a simulation experiment in which we varied the factors species diversity and management intensity at climatically different sites and under different scenarios of climate change. We were thus able to quantify their influence on the provision of selected tree-based EGS. Although we only considered a subset of all possible forest EGS, our study represents an important step towards the design of reliable adaptation strategies. We identified those factors that should be targeted first, and highlighted factors that showed to be influential when projecting the development of forest EGS with climate change.
Material and methods

Forest model
We used the model FORCLIM (Bugmann 1996) , which simulates forest dynamics on small (800 m 2 ) patches of land. We simulated 200 patches to determine ecosystem properties on the stand scale. The submodels weather and water provide values for minimum winter temperature, growing season temperature, and soil moisture based on long-term monthly climate data and the soil water-holding capacity. In the submodel plant, these variables and light availability determine the establishment probabilities of new tree cohorts. A modification of the carbon budget approach of Moore (1989) was used to model tree growth: an optimal growth rate was adjusted based on environmental factors (light, available nitrogen, growing season temperature, soil moisture) and crown length. The resulting volume growth was allocated dynamically to height and diameter growth based on available light and the species' shade tolerance. Tree mortality is triggered by both an age-related and a stressinduced component. In the submodel management (Rasche et al. 2011) , several silvicultural treatments are available, including thinning, cutting, and a continuous cover forestry method ("plentering")-see sections 1.1 and 1.2 in the electronic supplementary material (ESM), and Bugmann (1996) , Didion et al. (2009), and Rasche et al. (2012) for more details.
Study sites
We chose six European sites from a previously utilized environmental gradient (e.g. Bugmann and Solomon 2000; Didion et al. 2009; Rasche et al. 2012) ; they comprise a variety of elevations and drought conditions (subalpine to colline; Table 1 ). Climate data were obtained from the Landscape Dynamics Unit at the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL); the DAYMET model (Thornton et al. 1997 ) was used to interpolate daily climate data to a resolution of 1 ha for 1930 . The other two site-specific parameters were adopted from the earlier studies.
Types of management and levels of species diversity
We simulated three types of management: no management (NO), plentering (PL), and ageclass forestry (AC). Management was performed at 10-year intervals. In age-class forestry, thinning intensity was set to 10 % and trees were clear-cut at an age of 120 years-for detailed plentering settings see Table S1 in the ESM. The no-management and plentering simulations were spun-up for 1,500 years to ensure that the stands were in equilibrium with current climate. Age-class forestry simulations were spun-up for 80 years to allow stands to grow to the age typical of current Swiss forests. The same management was used in both the spin-up and the actual simulations.
We simulated three types of species diversity: forest stands with all 30 species parameterized for Europe in FORCLIM (ALL), stands consisting of only the 2-4 dominant species of the current potential natural vegetation (PNV), and monocultures (MONO) of the species currently most abundant at these locations (see Table S2 , ESM). Regeneration was allowed to occur naturally but was restricted to the species of the respective diversity scenario.
Climate change scenarios
To represent the anticipated change in climate, we used spatially interpolated data from the Landscape Dynamics Unit at WSL. For this dataset (resolution 1 km), three different regional climate models nested in the general circulation model ECHAM5 were used to derive climate data based on the IPCC (2007) AR4 scenario A1B, providing us with the alternatives KNMI, SMHI, and MPI (see section 1.5, ESM). We assumed that the changes in the climate proceed linearly over a period of 100 years from 2001 to 2100 and that climate remains constant thereafter until the end of the simulation in 2300.
Indicators of EGS
The Millennium Ecosystem Assessment report mentions four categories of EGS: provisioning, regulating, cultural, and supporting services (Hassan et al. 2005) . From each of these categories, we chose one indicator that could be assessed with FORCLIM and deliberately narrowed the choices to those that could be estimated reliably by the model. This small number also ensured that we were able to assess each indicator individually, i.e. without having to aggregate results and thus possibly miss a signal.
For the provisioning services, we chose harvested basal area per hectare (m 2 ha
), while for regulating services, we chose biomass per hectare (t ha −1 a −1 ) to assess the potential for carbon storage and thus climate regulation. For the cultural services, we chose a stand diversity index (SDI; see section 1.6, ESM), representing the common perception that diverse forests are more aesthetically pleasing than even-aged stands (e.g. CarvalhoRibeiro and Lovett 2011). Lastly, for the supporting services that underpin the provision of all other ecosystem services, we chose productivity in terms of volume growth (m 3 ha
).
Simulation studies and statistical analyses
To calculate the difference between the climate change and the corresponding non-climate change simulation of each scenario, i.e., the magnitude of change, we used a modified version of the similarity index of Whittaker (1952) . In our version of the index ("relative semblance"), changes for the better (e.g., a higher productivity) result in positive values up to 1, changes for the worse result in negative values down to −1, and no change equals 0 (see section 1.7, ESM). To compare the scenarios, i.e., unique combination of alternatives such as "ALL-NO-KNMI", we first grouped the values based on the management type, then based on the species, and lastly based on the climate change scenario. The subgroups were then compared using a Kolmogorov-Smirnov test to assess whether one alternative yielded significantly different relative semblance values than another, and whether they significantly diverged from zero.
Other approaches to statistically analyze the results such as fitting linear models of generalized least squares directly to the time series of the indicators, were rejected because sigmoidal and other non-linear trends could not be accounted for and the different scenarios could not be compared to a reference state-for more information see section 1.8, ESM.
In the last step, we calculated correlation coefficients between the relative semblance values of all 162 simulations (6 sites and 27 scenarios per site) for each indicator and the simulated bioclimatic variables influencing tree growth in FORCLIM (minimum winter temperature, annual/seasonal degree days, and annual/seasonal drought index) to evaluate possible general patterns underlying the trends in relative semblance.
Adaptive management scenarios
At sites where a scenario performed significantly worse than other scenarios (relative semblance significantly <0 and below other scenarios), we created adaptive management measures that targeted the responsible factor. These measures concerned the species diversity factor "monoculture" at three sites, plentering at two sites, and age-class forestry at one site. Thus, monocultures were adapted by replacing the original species with a species more suitable for the changed climate, i.e., the dominant species in the ALL simulations with climate change; this replacement occurred after the first clear-cutting in age-class-forestry scenarios and gradually after the year 2000 in no-management and plentering scenarios. At sites where management was the decisive factor, thinning intensity was increased (see Table  S4 ESM). Results of the adaptive management simulations were evaluated as described in the section 2.6.
Results
The three climate-change scenarios yielded nearly the same results; therefore, we present here only the scenario KNMI, whereas the management and species-diversity factors are evaluated in detail-for complete results see Table S5 , ESM.
Example of unprocessed results
To facilitate the understanding of the aggregated results reported in the following, Fig. 1 shows two examples of the underlying unprocessed data (for more examples, see Fig. S2 ESM) , specifically the development of species-specific basal areas in Davos and Basel and the changes in the four EGS indicators. Each indicator clearly responded to the effects of climate change, some in a more pronounced manner than others. Some indicators were also markedly influenced by the scenario considered-in Davos, for example, the climate-induced changes in SDI were much larger in highly diverse stands than in monocultures, resulting in relative semblance values >0 for the ALL scenario but near-zero values for the MONO scenario.
Harvested basal area
Total harvested basal area (Fig. 2a) increased in most scenarios in Bever (subalpine), Davos (subalpine), and Adelboden (altimontane), and decreased in most scenarios in Bern (submontane), Cottbus (colline), and Basel (colline). In Bever, scenarios with monocultures especially suffered losses, and the harvested basal area of both monocultures and potential natural vegetation stands declined below the levels of the year 2000 (baseline). In Davos, the harvested basal area rose above the baseline in all scenarios; increasing significantly more in very diverse stands than in stands with lower species numbers. In Adelboden, only in highly diverse stands did the harvest levels rise above the baseline; in the other scenarios they did not change significantly. In Bern, only monocultures retained the harvest level of the baseline, whereas the harvested basal area of stands with more than one species declined significantly. In Cottbus and Basel, the harvested basal area in all scenarios declined significantly, and scenarios with plentering management were significantly lower.
Biomass
Only in Davos did the relative semblance of biomass stay near zero or rise to positive values in all scenarios (Fig. 2b) . On all other sites, biomass declined relative to the baseline in most scenarios. In Bever, only the biomass of very diverse and age-class-managed stands fell below the baseline; all other scenarios yielded negative relative semblance values. In Adelboden, the biomass of unmanaged stands rose significantly above the baseline; other factors had no significant effect. In Bern, the biomass in all scenarios except those with ageclass forestry or monocultures fell below 0. In Cottbus and Basel, all scenarios performed worse than the baseline, with monocultures performing better than diverse stands in Cottbus and worse in Basel.
SDI
Stand diversity increased only in a few scenarios in Bever, Davos, and Adelboden, and decreased in all others (Fig. 2c) . In Bever and Adelboden, the SDI of highly diverse stands increased, that of potential natural vegetation stands declined slightly, and that of monocultures declined strongly. In Davos, the SDI of highly diverse stands increased significantly compared to stands with a lower diversity and highly diverse stands were the only ones to rise significantly above the baseline. In Bern, the trend was reversed: only the SDI of monocultures did not differ significantly from the baseline, whereas the SDI of more diverse stands was lower and they performed significantly worse than monocultures. In Cottbus, the SDI of all scenarios declined Year Year Fig. 2 Relative semblance values of each simulated management and species scenario at six different sites for the indicators a harvested basal area, b biomass, c SDI, and d wood productivity. Relative semblance was calculated from the indicator values in the simulation without climate change and the simulation with a climate change scenario, in this case KNMI (as shown in Fig. 1 ). Scenarios can be identified by their shading and pattern, e.g., a white bar with lines slanted downward from left to right is the scenario monoculture managed with age-class forestry. Zero-line: level in year 2000, corresponding to "no change" below the baseline but scenarios did not differ greatly among each other. In Basel, the SDI of stands with more than one species slightly declined compared to the baseline, with monocultures having a significantly stronger decline. SDI was not influenced significantly by the type of management.
Productivity
Productivity declined with climate change on most sites (Fig. 2d) . In Bever and Adelboden, the productivity of highly diverse stands significantly increased and that of monocultures significantly decreased compared to the baseline. Highly diverse stands also had significantly higher relative semblance values than potential natural vegetation stands, which in turn had significantly higher values than monocultures.
In Davos, productivity uniformly rose significantly above the baseline, with very diverse stands showing the highest values. In Bern and Cottbus, the productivity of all scenarios decreased significantly below the baseline; however, scenarios did not differ between each other in Bern. In Cottbus, stands managed with age-class forestry performed significantly worse than the others. In Basel, productivity uniformly declined below the baseline, yet highly diverse and potential natural vegetation stands had significantly higher relative semblance values than monocultures.
Adaptive management scenarios
We singled out the factors identified as responsible for the worst results and devised adaptive management strategies (see section 2.7). For the indicator regarding harvested basal area, monocultures in Bever and plentering-managed stands in Cottbus and Basel were concerned; while monocultures in Basel corresponded to the the biomass indicator and monocultures in Bever, Adelboden, and Basel corresponded to the SDI indicator. Lastly, the productivity indicator concerned monocultures in Bever and Basel and stands managed with age-class forestry in Cottbus.
Most simulation results were positively influenced by adaptive management measures (Fig. 3) . In Bever, the relative semblance of harvested basal area in monocultures rose significantly above the baseline and no longer differed significantly from the more diverse stands (Fig. 3a) . In Cottbus and Basel, relative semblance values of harvested basal area increased with an increase in management intensity but did not reach the level of stands managed with age-class forestry.
In Basel, the relative semblance of biomass (Fig. 3b) and SDI (Fig. 3c ) increased with adaptive management measures to the levels of the more diverse stands. In Bever and Adelboden, with adaptive management measures, relative semblance values of SDI rose significantly above the baseline, while values for productivity also improved. In Bever, with adaptive management measures, monocultures outperformed the more diverse stands, whereas in Basel, monocultures rose to the level of the more diverse stands. In Cottbus, however, where adaptive management measures targeted the management intensity, there was no improvement (Fig. 3d) .
Correlation of relative semblance to bioclimatic variables
Relative semblance values of all indicators were significantly correlated to the change in seasonal drought index from current to future climate and consistently reached the highest values of adjusted R 2 . The change in the annual degree-days and the annual drought index showed significant correlations for the values of all indicators except harvested basal area, whereas the change in seasonal degree-days showed a significant correlation only with that indicator. There was no significant correlation with minimum winter temperature (Fig. S3 ESM) .
Discussion
The aim of our study was to systematically vary combinations of forest management, climate change, and species diversity to create a large database to statistically quantify the influence of each factor group. Two pervasive patterns emerged. First, at subalpine and upper montane sites (Bever, Davos, Adelboden), the relative semblance tended to rise (indicating a higher harvested basal area, biomass, SDI, and productivity than without climate change), whereas at lower montane and colline sites (Bern, Cottbus, Basel), the relative semblance tended to fall, a result in agreement with the studies of Nabuurs et al. (2002) , Loustau et al. (2005) , Seidl (2009), and Seidl et al. (2011) . This pattern was linked to the magnitude of future drought, which is also in agreement with earlier studies (e.g. Ciais et al. 2005) .
Second, the drier the location, the larger the variance in relative semblance values tended to be, implying that under optimal environmental conditions-as seen in Davos under future climate conditions-the scenario is unimportant. Under non-optimal conditions, sensitivity to climate change differed between scenarios, with the most influential factor being mainly species diversity.
Key factors determining future EGS provision
Species diversity
Species diversity significantly influenced SDI on all six sites, harvested basal area and productivity on four sites, and biomass on two sites. These results are in agreement with Díaz et al. (2005) , who found that carbon sequestration and productivity, among others, are frequently affected by biodiversity. Field studies also have shown that productivity increases with biodiversity and often reaches an asymptote at high levels (Cardinale et al. 2007; Hooper et al. 2005) , while Potvin and Gotelli (2008) have demonstrated a positive relationship between tree species richness and timber yield in tropical forests. Loreau and Hector (2001) attributed such results to two types of effects: the "complementary effect" (i.e., inter-specific interactions or niche partitioning leads to a more efficient use of resources and thus to enhanced ecosystem function), and the "selection effect" (i.e., the higher the species number, the higher the probability that the most productive species is present). In a virtual experiment, Morin et al. (2011) identified the complementary effect as most influential, whereby forest gaps were filled faster when trees of different shadetolerance classes and growth potentials were present. The study did not consider climate change, but other authors have postulated that species traits together with drought resistance will determine the sensitivity of ecosystems in a changing climate (e.g. Díaz et al. 2005; Drever et al. 2006; Elmqvist et al. 2003; Hooper et al. 2005; Peterson et al. 1998) .
Considering this, it is surprising that of the 16 cases where species diversity was the decisive factor in our study, only in 7 cases did monocultures actually perform significantly worse than more diverse stands. Cardinale et al. (2007) , Jacob et al. (2010) , and Morin et al. (2011) attribute such a result to the formation of monocultures by the most productive species under the specific environmental conditions. We observed this effect in Bever when we replaced Pinus cembra with Fagus sylvatica in adaptive management and improved the relative semblance of productivity beyond the level of more diverse stands.
We conclude that for the indicators harvested basal area, SDI, and productivity, species diversity is the factor with the highest influence on the sensitivity to climate change. Yet, even though stands with more than one species retained higher levels of EGS on average, this was not always the case.
Choice of management alternative
Management significantly influenced the amount of harvested basal area under climate change at the warmer and drier sites of our climatic gradient (Cottbus, Basel). Age-classmanaged forests maintained higher harvesting levels than plentering-managed forests, even though both management types could not avert a decline to levels below the baseline. This difference was most likely due to plentering itself, in which trees are harvested only as long as the actual basal area is higher than that desired. With a decreased growing stock (in this case due to drought), constant harvesting levels could no longer be maintained. With adaptive management, we thus reduced the desired residual basal area, which led to an increase in relative semblance values. Whether this is a desirable course of action is debatable, as timber is usually of secondary importance to a stable stand structure in plentered forests, which often serve as protection against gravitational hazards (Ott et al. 1997) , or are maintained for aesthetical reasons (recreation).
With regard to biomass, the choice of management was important mainly at the colder and wetter sites (Bever, Davos, Bern) . In all three cases, age-class-managed stands retained more or increased their biomass more than unmanaged or plentering-managed stands. This difference is probably due to the fact that plentering stands are managed to keep the growing stock constant at all times, and unmanaged stands are not regularly disturbed to promote regeneration and growth, which suggests that management is of primary importance when biological carbon sequestration is a goal.
Unexpectedly, SDI was not influenced strongly by management. Even though species numbers were not controlled by management in our setting, at least vertical canopy structure should have been influenced. Stand thinning changes light conditions, and in FORCLIM, this leads to a change in the allocation of the volume increment in diameter and height growth. Climatic change apparently did not lead to large changes in the light profile of the simulated stands.
Overall, in comparison to other simulation studies-e.g., Eggers et al. (2008) , Köhl et al. (2010), and Lindner (2000) -the influence of management on all indicators other than biomass was rather small in our study. The other studies, however, investigated other indicators such as changes in species composition-an indicator we did not use but which would have led to marked differences between age-class-and plentering-managed stands in highly diverse stands. Moreover, in practice, forest management usually controls the species composition of a stand, which would automatically make it the most influential factor (cf. Badeck et al. 2005; Lindner 2000) .
Choice of climate change scenario
One factor that did not exert a significant influence on the change in EGS provision was the choice of the climate-change scenario. This may be caused by the small differences in temperature anomalies between the models. Eggers et al. (2008) , for example, report noticeable differences in net annual biomass increment between the IPCC scenarios A1 and B1, whereas the differences produced under the scenarios A1, A2, and B2 were much smaller. Köhl et al. (2010) also reported little influence of either scenario A1B or B1 on timber volume and other stand characteristics in German forests and concluded that management had a far greater impact on forest development than the climate scenario. The field study of Kardol et al. (2010) arrived at a similar conclusion, although the authors stress the importance of stand type in contrast to climate variability as the main driver of change.
Based on our results, we would have to conclude that the choice of a specific scenario of climate change presents a minor source of uncertainty when simulating into the future. We are aware, however, that both the magnitude and the effects of climate change on climate variability and extremes are uncertain (Schär et al. 2004; Vidale et al. 2007) , and that using scenarios with a higher trajectory of greenhouse gas concentrations and warming may lead to different results. A general conclusion about the importance of the choice of scenario is thus inappropriate.
Adaptive forest management
At four sites, we devised simple adaptive management strategies that targeted the factor with the most negative influence on the provision of EGS. In three cases, we targeted species diversity (monocultures) and replaced species with more-appropriate ones. In doing so, the semblance values of the monocultures reached the level of more diverse stands. Badeck et al. (2005) and Kellomäki et al. (2008) recommend similar adaptations for the retention of suitable levels of productivity. Another possibility would have been to introduce additional species, but we felt that this would have been inappropriate because monocultures will most likely form a part of mitigation strategies in the future (such as carbon sinks or convenient producers of renewable materials and fuels; FOREST EUROPE 2011).
When the age-class forestry or plentering management was the factor with the most negative influence, identifying the best adaptive management strategy was not straightforward. An increase in thinning intensity led to increased harvested basal area in Cottbus; however, productivity could not be improved. We conclude that other measures would have to be taken-e.g., the introduction of Mediterranean tree species. This also applies to locations where monocultures and diverse stands reached the same "bad" relative semblance values (e.g. Basel), and thus no adaptive management was applied. For a discussion of the methodology, see section 3 in ESM.
Conclusions
We found that the sensitivity to climate change in the context of the provision of EGS from forest stands ranged from nearly non-existent at subalpine-montane sites to high at colline sites, and mainly depended on the increase in seasonal drought. The most influential factor was species diversity, with monocultures usually being most sensitive to the impacts of climate change. The EGS provision increased significantly when the sensitive species was replaced by a climatically more suitable species early on. The change in biomass was influenced more by management than by species diversity, with age-class-managed stands retaining or increasing their biomass significantly more under climate change than under the other management approaches.
These findings are relevant for the planning of adaptive management measures, as they showed that (1) for projections of the provision of the range of EGS considered here, the choice of climate change scenario is almost arbitrary; (2) diversity deserves emphasis but may not always be the most important factor, and thus planning needs to be decided on a case-by-case basis; and (3) at locations subject to increasing drought, the provision of EGS may suffer in the future regardless of stand characteristics. This quantitative evaluation of the influence of different factors on changes in the provision of forest EGS with climate change represents an important step towards the design of more focused adaptation strategies and highlights factors that should be considered carefully in simulation studies of climate change.
